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Abstract 
Nanomaterials have gained increasing attention in the past several decades due to 
the unique properties that occur in that scale, but not in the bulk material.  One popular 
method for synthesizing nanoparticles is ligands or copolymer micelle templates.  Block 
copolymer templates act as stabilizing agents that control the growth rate, morphology, 
crystal structure, and size distribution of the particles during the reaction. 
Using the liquid phase polymer template method, three different types of core 
nanoparticles, cadmium selenide, gold, and iron oxide, were synthesized using a 21-
armed star-like triblock copolymer template of P4VP-b-PtBA-b-PS.  Each was 6 
nanometers in diameter, as dictated by the inner chain length of the triblock.  In addition, 
all of the particles were single crystal and began to self-assemble on the substrate when 
cast from a droplet.   
The middle block was then hydrolyzed to PAA to allow for synthesis of a shell 
component.  6-nanometer, crystalline shells were formed using the same lower 
temperature methods as the core components using non-epitaxial growth.  The 
bifunctional nanoparticles made were CdSe/Au, Au/CdSe, and Fe3O4/CdSe.  Each had 
quenching due to the thick outer shell, but future work will investigate to see if thinner 
shells from shorter middle block chains can be reduce the quenching effect. 
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Chapter 1. Introduction 
Nanomaterials have gained increasing attention in the past several decades due to 
the unique properties that occur in that scale, but not in the bulk material.  Quantized 
energy levels, large surface atoms to total atoms ratio, size dependent properties, and 
greater effect of intermolecular forces are several of the ways nano-scale material 
properties and phenomena differ from the larger scale.  Surface properties are become 
significant because most of the atoms are exposed to the surrounding environment, 
leading to better charge transfer or more exposure of electron/hole pairs.  For example, in 
a two nanometer particle, sixty percent of all the atoms are on the surface.1, 2 To be 
considered a nanomaterials, it must contain at least one dimension between the size of 0.1 
to 100 nanometers.2, 3 
1.1.  Synthesis Methods for Nano-Scale Materials 
To synthesize materials on the nano-scale, there are two general approaches that 
exist called top down and bottom up.2 In the top down approach, bulk materials are 
reduced to nano-size (Figure 1).  This is accomplished through processes such as ball 
milling, rolling, mechanical machining, ultramicrotome, atomization, arc discharge, 
pyrolysis, and high-energy sonication.  Although this works in the micro-scale, problems 
arise at the nano-length scale with the dominance of dislocations, defects, and voids in 
the small number of atoms.  High purity, defect free materials are very expensive to 
create from breaking bulk material into smaller and smaller components.   
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Figure 1.  Top down and bottom up schemes for nanoparticle synthesis. 
The bottom up approach is where atoms and molecules are assembled to form 
larger structures to a desired length scale (Figure 1).  The three different synthesis 
method categories for this technique are gas phase, solid phase, and liquid phase.   
Gas phase methods can include all gas phase constituents or mixed phase 
components within the system.  It is characterized by the condensation of the constituent 
materials onto a substrate.  This category includes chemical vapor deposition (CVD), 
atomic layer deposition (ALD), combustion, etc.  Problems arise because of the lattice 
mismatch that can occur between the condensing material and the substrate, which can 
cause flaking, unexpected morphologies, or even the inability to form particles.   
Solid phase synthesis occurs in a solid medium or has an active solid constituent 
phase.  This type of reaction is dependent on diffusion of atoms through a material or 
templating the final product through substrate treatment.  Nanolithography, nanosphere 
template methods, nanopore template methods, block copolymer lithography (BCPL), 
local oxidation nanolithography, STM writing are all considered solid phase reactions.   
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Liquid phase reactions take place in solvent solutions.  This method is favored 
because it can support constituents, intermediates, metastable materials, and final 
products all in a single-phase solution.  In addition, there is no concern for lattice 
mismatch in making the desired morphology for core structures.  Molecular self-
assembly, supramolecular chemistry, nucleation and sol-gel processes, single-crystal 
growth, electrodeposition/electroplating, electroless deposition, anodizing, electrolysis in 
molten salt solutions, solid template synthesis, and supercritical fluid expansion are all 
liquid phase reactions.  In addition, the reduction of metal salts and liquid template 
synthesis are included in this category.   
Almost all nanoparticle types can be synthesized according one of the bottom up 
phase methods.  However, the reduction of metal salts and liquid template synthesis offer 
distinct advantages.  These liquid phase techniques give the fine-tuned ability to control 
size, morphology, crystal structure, and growth rates by changing solvents, reaction 
temperatures.4-6 By functionalizing the surface with organic ligands and polymers, it 
leads to a better dispersion in the final solution and the possibility to control dispersing 
solvents.   
1.2. Polymer Templating/Ligands 
The bottom up processes of the reduction of organometallic salts and liquid 
template synthesis are common methods of nanoparticle manufacture.7 The ligands or 
linear diblock copolymer templates act as stabilizing agents which control the growth 
rate, morphology, crystal structure, and size distribution of the particles during the 
reaction.8-10 In addition, the outside ligands help with self assembly of the nanoparticles 
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on substrates and prevent aggregation, giving a better dispersion in the solvent.11 
Depending on the ligands used, they can enhance optical and electronic properties, be 
tune for attraction to particular cells, and facilitate surface passivation.   
Ligand reactions usually involve the decomposition of organometallic salts.  The 
low molecular weigh monomers attach on the surface of the growing crystal, determining 
which crystallographic directions have favorable growth.  An example of this is the use 
of cadmium hexylphosphonic acid (Cd-HPA) and cadmium tetradecylphosphonic acid 
(Cd-TDPA) to determine the aspect ratio of nanorods.12 In addition, changing the ratios 
of trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), and HDA focuses the size 
of the nanoparticles synthesized so that a size-selective precipitation step is not needed, 
as well as provide surface passivation.6, 13, 14  
Cadmium based nanoparticles are the most commonly studied for the ligand 
effects, and findings include covering with amine ligands enhances emission quantum 
yields,6, 15, 16 poly(3-hexylthiophene) (P3HT) for better conductivity,17, 18 and HPA or 
TDPA to reduce toxicity and cost.19 Gold and cadmium based particles use thiols for 
biological applications.20, 21 Carboxylic acids, such as oleic acid, have been used for 
noble metal, iron oxide, and cadmium particles for easy phase transfer and can be used in 
both polar and non-polar solvent reactions.22 Iron oxides have been synthesized with 
glutathione for cell uptake23; polystyrene (PS) for surface passivation24; and polyacrylic 
acid (PAA), polyallylamine (PAAm), and poly(sodium styrene sulfonate) (PSS) for water 
solubility.10 If the capping ligands would degrade at the high reaction temperatures or the 
reaction cannot take place in the desired solvent polarity,25 ligand exchange can be used.   
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The other method of liquid template synthesis uses a polar/non-polar solvent 
mixture to create micelles with the linear diblock copolymers at concentrations above the 
critical micelle temperature.   These micelles can be considered nano-reactors in which 
all of the crystallization and growth takes place.  By changing the solvent ratios, the 
morphology of the micelle can be controlled to determine the morphology of the final 
particle (Figure 2).  Higher temperatures or a reducing agent are needed to create single 
crystal, high purity nanoparticles are formed.   
 
Figure 2.  Dependence of polymer micelle shape on solvent choice.26 
Gold nanoparticles formed in micelles from the reduction of an aqueous gold salt 
solution are very common and include the polymer combinations of polystyrene-b-
poly(vinyl 4-pyridine) (PS-b-P4VP),27 P2VP-b-PS,26, 28 polystyrene-b-poly(ethylene 
oxide) (PS-b-PEO),29 polystyrene-b-poly(methacrylic acid) (PS-b-PMAA),30 
poly(ethylene oxide)-b-poly(phenylene oxide) (PEO-b-PPO),31 P4VP-b-PS-b-P4VP,32 
and NORPHOS-b-MTD.33 Other metallic salts include palladium with PS-b-P4VP34, 35 
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and P4VP-b-PS-b-P4VP32; Ag with NORPHOS-b-MTD,33 poly(methyl methacrylate)-b-
poly(tert-methyl acrylate),36 and P4VP-b-PS-b-P4VP32; and platinum with MTD-b-
organometallic monomer 28, 37 and PS-b-P4VP.35   
Cadmium and iron nanoparticles can also be created using the nano-reactors, with 
some complications with the need for higher synthesis temperatures that could degrade 
the linear block copolymer.  CdS has been synthesized with polystyrene-b-polyacrylate 
(PS-b-PA),38, 39 PS-b-PAA,38, 39 and poly(4-hydroxythiophenol)-b-poly(4-ethylphenol).40 
Iron oxide nanoparticles have been made with the micelle concept with the block 
copolymers of poly(ethylene glycol) (PEG)-b-poly(lactic acid) (PLA)41 and PEO-b-
PMAA.42  
Furthering the idea of nano-reactors, Pang et al.43 proposed using a micelle like 
structure anchored at a center point to have pre-formed, size controllable, micelle 
structures using linear di- and triblock copolymers (Figure 3).  By using relatively low 
temperatures, this system is proposed to be adaptable to almost all nanoparticle material, 
such as iron oxide, copper oxide, silver, barium titanate, cadmium telluride, and lead 
zirconate titanate. By changing the molecular lengths of the linear chains, the size of the 
nanoparticles can be tuned.  Linking nanoparticles to star-block copolymers has been 
proposed before this, but the nanoparticle acted as the center linking point and was pre-
synthesized outside of the star-block system.41 
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Figure 3. A schematic illustration on synthesis of homo-nanoparticles using amphiphilic star-like di-
block copolymers PAA-b-PS (a) and PAA-b-PEO (b) as templates. 
Since this paper focuses on the liquid phase synthesis methods of the reduction of 
metal salts and liquid template synthesis, the following nanoparticles data shown where 
made using one of these two categories. 
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1.3. Semiconducting Nanoparticles 
1.3.1. Quantum Effects and Band Gap 
With nano-scale particles, the number of surface atoms is a large fraction of the 
total atoms.2, 44-47 The free energy of the system can be widely varied since surface atoms 
have a significant contribution.  The atoms interior of the nanoparticle match the same 
lattice structures as the bulk materials, but have very different effects.  In metals, the 
quantum size effect is rarely seen because the Fermi energy level develops in the center 
of the valence band; the size needed to create this effect is very small.  In 
semiconductors, the Fermi level is between the valence and conduction bands so the 
edges of the bands dominate the electrical and optical behavior, as seen in quantum dots. 
To be considered a semiconducting quantum material, it must satisfy the 
Schrödinger equation, the de Broglie momentum-wavelength relationship, and have at 
least one direction of confinement.  
The Schrödinger equation combined with the de Broglie relationship dictates the 
predicted band gaps and corresponding wavelengths of the material based on composition 
and lattice structure.  To be a quantum material, the diameter must be smaller than the de 
Broglie wavelength  
   
 
p = h /! = !k  (1) 
where ! is the wavelength of the photon, h is Planck’s constant, " is a reduced form of 
Planck’s constant, p is the momentum of the electron, and k is the wave number defined 
as 
   
 
k = 2! /"  (2) 
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at a specified temperature, where k is Boltzmann’s constant.  At room temperature, this 
diameter calculates to be approximately six nanometers.  In addition, the distance 
between an electron in the conduction band and the hole in the valence band, the particle 
must have a radius smaller than the Bohr excitation radius to put it in the quantum 
confinement regime.  This critical radius is defined by the equation 
 
  
 
aexciton = ao
!
mexciton
*  (3) 
where # is the dielectric constant of the semiconductor,   
 
mexciton
*  is the effective mass, and 
  
 
ao , the Bohr radius is the distance between an electron and its nucleus in the lowest 
energy level.  To find the corresponding band gap energy (E) and the energy of the 
released photon, the equation 
 
  
 
E = hv = h
c
!
 (4) 
is valid; where $ is the frequency and c is the speed of light. 
In the ground state of the particle, the electrons will occupy the lowest energy 
levels.  With either optical or thermal excitation, the electrons will jump to a higher 
energy state with the excess energy lost as phonons.  When the electron returns to the 
ground state again with the removal of the outside phonons or photons, the electron falls 
to a lower level, emitting a quantized amount of energy as a photon.  If the band gap is 
between 1.77 and 3.1 eV, the emitted photon will be in the visible region of 700 to 400 
nm.   
In bulk materials, the density of electron states overlaps, creating a gradient of 
possible energy levels with continuous energy states (Figure 4).  By confining one 
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dimension, to create a 2d thin film, the energy states become segmented, creating a 
separation between the possible band gaps.  This is further seen in the 1d nanowire 
structure with two dimensions of confinement.   Quantum dots, with three dimensions of 
confinement, reach the molecular limit causing discrete energy levels in the material 
called the quantum size effect and are considered finite potential wells.   
 
Figure 4.   Idealized density of electron energy levels for bulk (3D), thin film (2D), nanowire (1D), 
and quantum dot (“0D”).45 
The molecular limitation of the quantum dots allows for the released photon 
energy to be tuned based on the size of the particle if less than six nanometers for 
semiconductors.   Smaller particles increase the spacing between the energy levels, 
leading to a higher energy emission and therefore a shorter wavelength (Figure 5).   Most 
semiconductors can have their band gap varied by up to 1 eV, giving a large range of 
tunability.47 
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Figure 5.  CdSe quantum dots from largest (left) to smallest (right).  Particles were excited by UV 
radiation and produced in the NanoFM Lin Research Group at Iowa State University. 
1.3.2. Types of Semiconducting Nanoparticles 
There are many different possible combinations of group IV, III-V, I-VII, and II-
VI semiconductors synthesized into nanoparticles in the past several decades.  Each has 
an advantage depending on the desired optical and electronic properties. 
Group IV semiconductors, silicon, carbon, silicon carbide, and germanium, are 
ideal for biological applications.48, 49 Little to no short-term cell toxicity is reported for 
cells exposed to these elements.  However, they all have indirect band gaps, which lead to 
a low luminescent efficiency at room temperatures.  There is a wide range in which the 
group IV elements have fluorescence occur, leading to a tuning of the emission based on 
the material; 1100 nm, 225 nm, 380-560 nm, and 1880 nm are the emission wavelengths 
of bulk silicon, diamond, silicon carbide, and germanium respectively.50 Due to the low 
efficiency, current research is focused on a more tunable and higher efficiency 
semiconductor nanoparticle composition.   
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Group III-V semiconductors have not been extensively researched due to the 
increased covalent nature of the molecular interactions, making them harder to 
synthesize.51 InP and GaAs are direct band gap semiconductors with bulk emission 
wavelengths of 977 nm and 685 nm.50 Although they have a high luminescent efficiency 
at room temperature as compared to indirect band gap semiconductors, the emission 
wavelengths are at the edge of the visible and infrared wavelength spectrum.  The 
indirect band gap group III-V semiconductors, GaP and InAs, have the difficulty with the 
low emission efficiency.  GaP has a bulk wavelength emission of 415 nm and InAs 3505 
nm.  The infrared wavelength emission materials of InP, GaAs, and InAs have all been 
applied to the creation of ultra-short pulse solid-state lasers.52 
To date, there is only one reference to group I-VII semiconductors because of the 
highly conductive properties and strong ionic bonding.  Only AgBr has been specifically 
synthesized for its semiconducting properties.53 Usually, these elements are used as 
dopants in other nanoparticle systems to enhance the absorption in the 650 to 900 nm 
range for in vivo imaging and high energy conversion for solar cells.54   
Group II-VI nanocrystals with the compositions of ZnE, CdE, and HgE with E = 
S, Se, Te, are the most studied semiconductor systems.  With band gaps that span the 
visible region, the particle size can be specifically tuned to match a needed wavelength 
(Figure 6).  To fully utilize the visible spectrum, the cadmium-based nanocrystals are the 
most important.  Their emissions can shift dramatically on either side of their bulk of 512 
nm for CdS, 716 nm for CdSe, and 827 nm for CdTe.50, 55 This visible spectrum is very 
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useful for a range of applications including molecule tagging,20, 56 biological imaging,20 
immunofluorescence,56 biosensing,56 labeling,57 QD-LEDs,46, 58 and solar cells.17   
 
 
Figure 6.  Quantum dot nanoparticle emission spectrum based on varying diameters.  Smaller 
particles experience a blue shift as compared to the bulk and larger nanoparticles.20 
To achieve the high photoluminescence and photostability needed for these applications, 
a high temperature reaction is needed to decompose the organometallic salts and form 
almost defect free crystals.  Lowering the temperature increases the size distribution of 
the crystals, as well as increasing the chance of defects within the particle, which in turn 
reduces the luminescence quality.   
For biological uses, CdSe is the most important composition because it has an 
emission spectrum that spans the visible range.  However, the phosphine capped selenium 
precursor is highly toxic.  There have been several methods developed to remove the 
phosphine from the reaction,19, 59 but the system has not been fully developed.   
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1.4. Plasmonic Nanoparticles 
1.4.1. The Plasmonic Effect 
The plasmonic effect is caused when an external energy source, usually light, is 
applied to a metal nanoparticle and excites electrons into the conduction band.2, 60-64 This 
creates a dipole that oscillates in phase with the electromagnetic radiation.  It also 
counteracts the particle compensation for the change in charge by creating a restoring 
force.  This results in a unique resonance wavelength that is dependent on particle 
morphology, size, material, orientation, and the surrounding medium.  Once the 
collective resonance is established, light will be scattered elastically. 
Plasmons exist by themselves in the bulk of the metal; however, surface plasmons 
have a mixed plasmon-photon effect for the emission.  The surface plasmons are the most 
important because the lattice structure is reduced to modifying the electron mass and 
develop upper states for optical transitions.  The unique wavelength that is established 
allows plasmonic nanoparticles to be considered quasi-quantum because it is always 
highly interacting and ‘lossy.’  Without an external energy source, the plasmonic effect 
will decay. 
The simplest model to describe this behavior is the Drude model for the dielectric 
response of an electron gas.  By using the Lorentz model for atomic polarizability and 
assuming no restoring force to reduce the excitation,   
 
!o = 0, the relative dielectric 
function of the material, #(%), is given as 
 
  
 
! "( ) = !# $ 1%
" p
2
"2 + i& o"
' 
( ) 
* 
+ , 
 (5) 
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with the natural oscillation frequency of the free-electron plasma, %p, (rad/s) defined as  
 
  
 
! p =
ne2
m"o"#
 (6) 
where n (m-3) is the number of free electrons per unit volume, m (kg) is the mass of an 
electron, &o (rad/s) is a damping term associated with the collision rate of free electrons in 
a crystal, #o is the permittivity of free space, #' is the permittivity of the material, and % 
(rad/s) is the measured frequency of the resonance.  %p is related to the excitation 
wavelength (!p) by the equation   
 
! p = 2"c /# p . 
The real part of #(%) is then written as 
 
  
 
Re ! "( )( ) = !# 1$ " p
2
"2 + % 0
2
& 
' ( 
) 
* + 
 (7) 
By setting Re(#(%)) equal to zero, the plasmonic frequency limit can be determined.  
When % < %p, Re(#(%)) is negative, giving rise to plasmonic effects because the 
wavelength of the light exceeds the particle diameter.   
 The imaginary portion of the relative dielectric function of the material Im(#(%)) 
is defined as 
 
  
 
Im ! "( )( ) = !#" p
2$ o
" % "2 + $ o
2( )  (8) 
To better describe the optical absorption, the quality factor of damping, Q, is used. 
 
  
 
Q =
! " d Re # !( )( ) / d!( )
2 " Im # !( )( )2$ % & ' 
 (9) 
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For nanoparticles, the resonance condition can be reduced down to the following 
equation, with # as the dielectric permittivity of the bulk metal. 
 
  
 
!Surface Plasmon =
! p
1 + 2"
 (10) 
To be considered a plasmonic material, it must fulfill two requirements: (1) -20 ( 
Re(#) ( -1 in the wavelength range of interest and (2) Q is larger than 2, but preferably 
greater than 10.  In addition,   
 
! "( ) = #2!o  must be satisfied with #o as the dielectric of the 
surrounding medium.65 
The size effect that occurs when the radius of the nanoparticle is much less than 
the incident wavelength does not make a pronounced difference in the optical properties.  
Due to the fact that the Fermi energy is in the middle of the top valence band, there is a 
very small region at low temperatures in which the individual bands are quantized.  
Instead, the size effect causes an optical peak broadening effect as the particle size 
decreases due to the increase in the damping term &o (Figure 7). 
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Figure 7.  The effects on absorption constant for varying radii silver nanoparticles with size 
dependent damping.63 
1.4.2. Types of Plasmonic Nanoparticles 
 The defining characteristic of all plasmonic materials is that all contain 
completely filled d-shells with one electron in the s-band.  This requirement limits the 
materials to all the alkali earth metals and the noble metals.  
 The alkali earth metals can experience the plasmonic effect from the infrared into 
the lower visible range.63 However, these are not extensively studied because at higher 
frequencies they are transparent.60 In addition, the plasmon energy, "%p, is approximately 
half to one-third the energy as the noble metals.  This is also true for aluminum 
nanoparticles, with the added complication of the shell instantaneously oxidizing when 
exposed to oxygen. 
 Copper is another material that is considered to be a plasmonic nanoparticle that 
also has an increased effective thermal conductivity from the effect.65, 66 Although the 
plasmon energy possible is much higher than the alkali earth metals, it is only effective if 
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the incident light wavelength is more than 600 nm.60 This is due to the large Fermi 
energy of 7.00 eV. 
Gold and silver are the most used plasmonic nanoparticles because they have 
applications in DNA labeling,67 catalysis,34, 61, 68-71 biological detection and diagnostics,21, 
72 Raman spectroscopy,60 photonic materials, and chemical sensors.67 Gold has a specific 
resonance range of 520-530 nm that is due to its 5.51 eV Fermi energy that can be tuned 
depending on the concentration and solvent used to disperse the particles.61, 73 In addition, 
gold has a specific size effect that causes nanoparticles less than 5 nm in diameter to not 
show any plasmon absorption, while particles between 5 and 50 do have an absorption 
band.61 To tune the absorption wavelength, the particles can be moved closer together to 
observe a blue shift.74 Silver nanoparticles behave similarly with the size range and 
tunable absorption wavelengths, however they do not have a specific resonance 
wavelength identified.  If exposed to incident light below 600 nm, they can be used for 
large field enhancement applications such as single molecule detection with its Fermi 
energy of 5.48 eV.60  
1.5. Iron Oxide Nanoparticles 
1.5.1. Superparamagnetic Effect 
 Materials that are superparamagnetic are distinguished by the absence of magnetic 
memory with no external field, but quick response when fields are applied.75-81 It is 
dependent on size, magnetic anisotropy constant of the material, and interparticle 
interactions. 
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 The finite size effect is due to the critical radius, ro, below which the particles 
have single magnetic domains and have a small enough internal magnetic energy that it 
will not counteract thermal energy; therefore the atomic moments are rigidly aligned in 
one direction (Figure 8).  For single domain regime where the internal magnetic energy is 
large enough to counteract thermal energy, they can either follow the dashed curve if 
coupling occurs between the particles or solid curve if the particles do not interact.  For 
superparamagnetic particles, coercivity is zero.  The critical diameter, d can vary from 5 
– 15 nanometers depending on the material.  It can be approximated using the equation 
that links the exchange constant, A1/2, and the moment per unit volume, Ms 
    
 
d = 2A1/ 2 / M s (11) 
 
Figure 8.  Particle size on the effect of coercivity.78 
 The magnetic energy, E, of the single domain particles can be approximated 
assuming uniaxial anisotropy with 
    
 
E = KV sin2!  (12) 
where K is the magnetic anisotropy energy constant of the material, V is the volume, and 
) is the angle between easy magnetization direction and the actual magnetization 
direction varying from 0° and 180°.  KV characterizes the energy barrier between the two 
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minima.  To be superparamagnetic, the material KV is too small to counteract reversals in 
grain magnetization with the addition of thermal energy fluxuations; numerically, this is 
defined as KV < kBT (Figure 9).   
 
Figure 9. Superparamagnetic particle behavior in the absence of interparticle interactions.  With no 
magnetic field, all the domains are randomly oriented and the sum of the magnetic moments is zero.  
With the addition of a field, all the moments align parallel to it.  After the external field is removed, 
(top) kBT << KV creating magnetic memory or (bottom) kBT ! KV resulting in the 
superparamagnetic effect.75 
Since a large percentage of the atoms in the particles are surface atoms, magnetic 
interface effects become increasingly important.  The strength of the magnetic moment 
can tuned based on the radius of the particles; the smaller the particle the more the 
magnetization decreases.  In contrast, the smaller the particle, the greater the magnetic 
anisotropy constant, K.     
Additionally, the orientation of the particle moments can be altered with the 
interparticle interactions.  Superparamagnetic particles can experience dipole-dipole 
interactions to nearby particles.  However, if the concentration is too great, the particles 
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can be aligned with the external field, and then after the field is removed, have some 
remnant alignment that makes the net magnetic moment nonzero.  Therefore, to be 
superparamagnetic, the particles must be dispersed enough in a matrix, either liquid or 
solid, to remove the coupling effect. 
1.5.2. Types of Superparamagnetic Particles 
 Superparamagnetic nanoparticles, which include magnetite (Fe3O4) and 
maghemite (&-Fe2O3), are stable and remain dispersed in the solvent after the removal of 
the magnetic field because no residual force remains between the particles.77 Both 
magnetite and maghemite particles are referred to interchangeably for applications and 
their synthesis methods are similar.78, 79, 82-85 Usually, Fe3O4 is thermally annealed with a 
reducer to form &-Fe2O3.   
&-Fe2O3 is a common oxide used in nanoparticles.  It is superparamagnetic 
between 3 and 25 nanometers in diameter.78, 86 It cannot be further oxidized, making it 
stable in potentially oxidizing conditions.84, 87 In addition, it is biocompatible and has 
been used for the heating of cancer tissues87 and drug targeting.88 
An even more common oxide that is easier to form is Fe3O4.  According to 
literature, it is superparamagnetic between 8 and 30 nanometers.78, 80, 81 The particles are 
formed most commonly by using a high temperature thermal decomposition of iron oxide 
salts or organometallics.88-90 Optically, iron oleate has a resonance peak at approximately 
330 nanometers, which will be similar to the iron oxide particles.88  
Both materials are ferrofluids that have been used in magnetic memory87 and 
catalysis85, 87 applications.  In addition, there is a wide range of biomedical uses that 
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include: enzyme functionalization,91 cellular therapy,85, 92, 93 drug delivery,83, 85, 92, 93 
hyperthermia,77, 87, 93 magnetofection,77 in vivo magnetic resonance detection (MRI),20, 77, 
83, 85, 92-96 fluorescent imaging,83, 95 bacterial and protein detection and separation,20, 93 
toxin decorporation,83 and cell labeling.20  
1.6. Multifunctional Nanoparticles 
 Multifunctional nanoparticles can be achieved in several different ways.  Three of 
the ways include: (a) each nanoparticle can be prepared separately and then encased in a 
silica or polymeric shell97-100; (b) presynthesized nanoparticles can be functionalized with 
ligands and then have other nanoparticles linked to the outside of the ligands101-104; and 
finally, (c) the core particle is prepared first and it or the ligands are used as a seed to 
grow the other material (Figure 10).  This last method is the most difficult due to the 
lattice strain that can occur between the two materials.  There are three responses to the 
reaction of the second material on a preformed core: complete non-interaction and the 
formation of separate particles,105 the formation of a complete shell,106-110 and the 
deposition and growth of the material on a specific site and direction.23, 111-113 
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Figure 10.  (a) Each nanoparticle was prepared separately and then encased in a silica or polymeric 
shell99; (b) Presynthesized nanoparticles were functionalized with ligands and then linked to other 
nanoparticles114; (c) Core particle prepared first and it was used as a seed to grow the other 
material.111 
1.6.1. Core/Shell Nanoparticles 
Considering core/shell nanoparticles, there is a critical thickness and lattice 
mismatch to ensure full coverage, rather than separate particles or dimers forming.  
Lattice strain can develop after approximately 2 monolayers of the secondary material 
deposits on the core surface.  Defects are then more likely to form to relieve this strain, 
which increases the carrier traps therefore decreasing or altering the final properties.47, 115 
Without further treatment or functionalizing the core material, less that 2 percent lattice 
mismatch is needed to make a monocrystalline shell.   
At less than 2 percent, the growth is considered epitaxial and the two different 
lattices are bonded to each other.  Greater than 2 percent lattice mismatch, also called 
nonepitaxial growth, most attempts to make core/shell structures have been unsuccessful, 
with either the formation of polycrystalline shells or anisotropic growth forming 
(a) (b) (c) 
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dimers.115 To determine the lattice mismatch between two materials, the majority plane 
atomic spacing is used with the equation 
 
  
 
% Lattice Mismatch = 100 !
Shell Lattice Parameter -  Core Lattice Parameter
Core Lattice Parameter
 (13) 
This has been calculated for several combinations of gold, semiconducting, and magnetic 
cores using Equation 13 (Table 1). 
Table 1.Table of lattice mismatches.3, 115 
Core Au 
(111) 
Au 
(111) 
Au 
(111) 
Au 
(111) 
Au 
(111) 
FePt 
(111) 
Pt 
(100) 
Pd 
(111) 
Shell CdSe 
(002) 
CdS 
(002) 
CdTe 
(111) 
PbS 
(111) 
ZnS 
(002) 
CdS 
(002) 
CdS 
(002) 
CdS 
(002) 
Mismatch 49.1% 42.7% 58.9% 45.6% 32.9% 49.5% 48.3% 49.6% 
 
 The nonepitaxial, single cores that have been formed have been achieved using 
ion exchange method and a sacrificial template.104,115 For Zhang et al., silver is used as a 
sacrificial template around a gold core as a Lewis acid-base reaction occurs to exchange 
the cations (Figure 11). 
 
Figure 11. Scheme for nonepitaxial growth of shell material on Au core.115 
1.6.2. Semiconducting Cores 
 Surface passivation has been a large trend for semiconducting cores, especially 
cadmium selenide (CdSe) due to the high toxicity levels.  With lattice mismatch, it is 
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difficult to create a complete shell, but it has been accomplished.  There is a limitation on 
the thickness of the shells, however, since after a critical thickness, the shells can actually 
quench the emissions of the core due to lattice imperfections and reduction of incident 
wavelengths to the core.116 
The easiest route to guarantee a full coverage core is with similar lattice structures 
of cadmium sulfide109 and zinc sulfide.107 In addition, the outer layer can increase the 
photoluminescent yield, photostability, and reduce the blinking that will occur with just 
the CdSe cores.  The earliest record of the core/shell structure is from 1994, using 
CdS/HgS/CdS for surface passivation.108 Cadmium sulfide (CdS) and cadmium selenide 
have been synthesized around a single core for up to 9 layers due to the slight lattice 
mismatches between the two materials.106 Also, other combinations of semiconducting 
core/shells have been made with less concern with toxicity for solar cell and other 
imaging techniques, which include combinations of cadmium telluride, cadmium 
selenide, and zinc telluride.110   
Gold and other noble metals are ideal shells to create biocompatible surfaces for 
biological imaging.  In one study, there was no observed toxicity of basal cells with the 
CdSe/Au core/shell structure, but with CdSe/ZnS, cells were only 30 percent viable after 
24 hours.73 Also, the semiconductor/gold system has been used as a photocatalyst.61 
However, gold quenches the semiconductor emissions depending on the thickness of the 
core and the distance between the core and the shell.103, 104, 117 Most references of the 
combination of Au and CdSe are with separate nanoparticles embedded in a polymer 
shell103, 104 or dumbbell like shapes with the gold growing on a specific facet of the CdSe 
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core.111, 112 As of this paper, there is only one reference to a fully covered core using 
CdSe and Au using latex as a coating for the CdSe shell to reduce lattice mismatch by 
Bakueva et al.73 
Magnetic shells are less common than noble metal shells due to the major 
quenching after a few monolayers of shell and the lattice mismatch that occurs.  Most 
references use the CdSe and the iron particles embedded in a silica shell to create 
multifunctional particles to create a biocompatible shell around both materials.97-99 
Heterodimers are also possible, but less ideal because the semiconducting core is still 
exposed to the surrounding environment.23 The combination of the superparamagnetism 
and fluorescence that is possible is ideal for cellular tagging, directing the nanoparticles 
to specific points in the body, drug delivery, and imaging. 
1.6.3. Gold Cores 
 Gold is ideal to use for the plasmonic effect, but the outer shell quickly quenches 
that effect.  Also, there is no reason to use another noble metal a shell because gold is 
already biocompatible and one of the most efficient plasmonic metals.  As of writing this 
paper, there are no references of magnetic shells, for the reason that magnetic shells will 
quickly quench the plasmonic effect.  To combine the plasmonic and magnetic effects, 
there are several instances of dimers118 and both types of nanoparticles embedded in a 
silica shell.119 
 Adding a semiconducting shell has been done with CdSe and CdTe on a gold 
shell,3, 115, 120 but most times full coverage was very difficult due to the approximately 50 
percent lattice mismatch (Table 1).  Also, adding a toxic shell on a biocompatible core 
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limits the functionality of the core/shell nanoparticles.  To tune the quenching 
capabilities, an inner shell of silica can be added, but that still leaves the CdSe core on the 
outside.113 
1.6.4. Superparamagnetic Cores 
 Superparamagnetic cores made of Fe3O4 and &-Fe2O3 are useful for imaging, 
MRI, and targeted delivery systems.  There are no references of layering 
superparamagnetic materials since the additional shell does not increase the effects.   
 Semiconducting shells are useful since the photoluminescence is not quenched, as 
well as having the superparamagnetic effects if the shell is thin enough.  Most cases of 
direct growth onto the core has the particles forming dimers rather than full shells due to 
the lattice mismatch.100, 121 Most commonly, the shells are pre-synthesized nanoparticles 
that are arranged using ligands around the superparamagnetic shells.100-102  However, 
there are some core/shell nanoparticles have been synthesized using a preformed core as 
a nucleation site.122-124 
Gold shells are useful on superparamagnetic cores, especially since there is a 
chance for further oxidation in a corrosive environment from Fe3O4 to &-Fe2O3.  Overall, 
gold is more stable and less likely to experience the environmental effects.125 There are 
the same issues of lattice mismatch,119, 126 but creating full core/shell nanoparticles is 
possible.118, 122 Gold does act as a quencher, as found with the semiconducting cores.  As 
shown by Xu et al., as the thickness of the gold shell increases, the Fe3O4 core becomes 
less dominant with the additional layers of the shell.125 The diffraction of the Fe3O4 is too 
weak to be detected due to the heavy atom effect of the gold (Figure 12).  
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Figure 12. Effect of a gold shell on an Fe3O4 core.125 
1.7. Research Goals 
 Based on prior art, this paper focuses on the synthesis of cadmium selenide, gold, 
and iron oxide nanoparticles.  By linking this to a 21-armed star-like triblock copolymer, 
these three materials are combined to create bifunctional nanoparticles.  Using the 
copolymer removes the need for high temperature reactions and allows for an easily 
tunable size and morphology.  Each system was characterized for its crystal structure and 
composition to compare with previous findings. 
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Chapter 2. Experimental Techniques 
2.1. Synthesis Methods 
Nanoscale synthesis methods have been widely studied for many different 
systems.  Low temperature methods are less understood, but there have been an 
increasing number of publications concerning this in the past decade.  To create 
monodisperse nanoparticles at this lower temperature is difficult, especially using the 
micelle nano-reactor method.  By using a 21-armed star-block copolymer template made 
from poly(4-vinyl pyridine)-b-poly(tert-butyl acetate)-b-polystyrene (P4VP-b-PtBA-b-
PS), the morphology can be controlled and many different types of core and core/shell 
nanoparticles can be synthesized without needing epitaxial growth (Figure 13). 
 
Figure 13. A schematic illustration on synthesis of bifunctional nanoparticles using a 21-armed, 
amphiphilic, star-like triblock copolymer P4VP-PtBA-b-PS as templates. 
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2.1.1. Cadmium Selenide Quantum Dots 
 Cadmium selenide (CdSe) quantum dots were synthesized using two different 
precursors: cadmium oxide (CdO) and cadmium acetylacetonate (CdAcAc).  The 
materials used are as follows: CdAcAc * 99.9% trace metal basis from Aldrich, CdO 
*99.99% trace metal basis from Aldrich, stearic acid from Fisher Chemical, N,N-
dimethylformamide (DMF) from Fisher Chemical, and benzyl alcohol from Fisher 
Chemical.  The selenide precursor was created using selenium (Se) powder 99.5+% 200 
mesh from Acros Organics, sodium borohydride 98% (NaBH4) from Alfa Aesar, and 
oleylamine (OLA) 80-90% from Acros Organics.  Dr. Xinchang Pang, ISU MSE Post 
Doc under Dr. Zhiqun Lin, created the 21-armed star-block copolymer template of P4VP-
b-PtBA-b-PS with repeating units of 6.6k-b-8k-b-15k. 
 The CdAcAc precursor was used because it was easily soluble in DMF.  To start, 
10 mg of the polymer template was dissolved for 2 hours in 10 mL of DMF.  It was then 
transferred to a three-necked flask with condenser.  0.212 g of CdAcAc was added while 
stirring until the solution was transparent.  In a separate vial, 0.054 g Se powder and 
0.022 g NaBH4 was dispersed in 3 mL of OLA following a procedure by Wei et al for 
phosphine-free Se synthesis so that it will react at a lower temperature range.19  This 
solution was then added to the three-necked flask with the 1.1 mL benzyl alcohol.  It was 
placed under an argon atmosphere and stirred while heating at 160°C for 10 hours. 
 As an alternative, CdO was also used as a precursor since it is the most commonly 
used when forming CdSe nanoparticles.  0.0892 g of CdO powder and 0.8028 g stearic 
acid was added to a three-necked flask set-up and placed under an inert atmosphere.  It 
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was heated to 170°C until the solution appeared clear.  After cooling to room 
temperature, the Se precursor solution described previously, 1.1 mL benzyl alcohol, and 
10 mL of the polymer template solution described previously were added while still 
under argon.  It was then heated to 160°C for 6 hours.  A shorter reaction time caused the 
nanoparticles to be polycrystalline. 
2.1.2. Gold Nanoparticles 
 Gold (Au) nanoparticles were synthesized using chloroauric acid crystalline 
(HAuCl4+3H2O) from Fisher, N,N-dimethylformamide (DMF) from Fisher Chemical, 
benzyl alcohol from Fisher Chemical, and ethanol from the Iowa State Chemistry Store.  
Dr. Xinchang Pang, ISU MSE Post Doc under Dr. Zhiqun Lin, created the 21-armed star-
block copolymer template of P4VP-b-PtBA-b-PS with repeating units of 6.6k-b-8k-b-
15k. 
 A 0.254 M gold stock solution was created by dissolving 10 mg of HAuCl4+3H2O 
powder in 10 mL DMF.  It was stored in the refrigerator to reduce exposure to moisture.  
From this, aliquots were taken for the nanoparticle reactions. 
 To create gold nanoparticles, 10 mg of the polymer template was dissolved for 2 
hours in 10 mL of DMF.  It was then transferred to a three-necked flask.  0.55 mL of the 
Au stock solution was added, along with 1.1 mL benzyl alcohol and 5 mL of ethanol.  It 
was purged with argon and then reacted for 24 hours at 60°C.   
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2.1.3. Iron Oxide Nanoparticles 
 Iron oxide (Fe3O4) nanoparticles were synthesized using iron (II) acetylacetonate 
(FeAcAc) 99.9% metals basis from Aldrich as the iron source.  The rest of the materials 
used are as follows: 1,2-hexadecandiol tech. 90% from Aldrich, oleic acid 97% from 
Acros Organics, oleylamine (OLA) 80-90% from Acros Organics, N,N-
dimethylformamide (DMF) from Fisher Chemical, and benzyl alcohol from Fisher 
Chemical.  Dr. Xinchang Pang, ISU MSE Post Doc under Dr. Zhiqun Lin, created the 21-
armed star-block copolymer template of P4VP-b-PtBA-b-PS with repeating units of 6.6k-
b-8k-b-15k. 
 The method for synthesizing Fe3O4 nanoparticles is based on a process 
developed by Dr. Pang, a post doc in the NanoFM research group for star-like diblock 
copolymers.  First, 10 mg of the P4VP-b-PtBA-b-PS star-block copolymer template was 
dissolved for 2 hours in 10 mL of DMF.  Then, 50.39 mg FeAcAc and 1.1 mL of benzyl 
alcohol where added to a three-necked flask with the 10 mL of polymer solution.  The 
combination of 184.36 mg 1,2-hexadecandiol, 114.49 mg of OLA, and 120.89 mg of 
oleic acid were added to act as the reducing agent.  The solution was heated under argon 
at 180°C for 2 hours. 
2.1.4. Core-Shell Nanoparticles 
 To form a shell around the already synthesized core, the middle PtBA block of the 
21-armed star-like block copolymer is hydrolyzed to become polyacrylic acid (PAA).  
The PtBA will not react with the organometallic precursors because there are no 
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compatible functional groups.  Turning PtBA into PAA does not require any other 
materials other than a high temperature solvent.   
 Taking half of the core liquid, it is purified twice using the toluene/ethanol 
method.  Then, the particles are dispersed in benzyl ether * 98% from Aldrich due to its 
boiling point of 298°C.  The solution is placed in a three necked flask under argon at 
200°C for 2 hours to complete the reaction.  It is then purified twice more to remove the 
benzyl ether and dispersed in 5 mL of N,N-dimethylformamide (DMF) from Fisher 
Chemical.    The shell is then reacted using half the amounts of the core materials and 
injecting the 5 mL core solution instead of the 10 mL unreacted star-like block copolymer 
solution. 
2.2. Sample Preparation for Analysis 
 Samples were purified before testing physical properties and hydrolysis of the 
PtBA layer by dissolving the nanoparticles in a like solvent, toluene, and precipitating out 
using an unlike solvent, ethanol, three to six times.  A centrifuge was used to speed up the 
precipitation process.  For microscopy and optical testing, the solution was purified ten 
times.   
2.3. Instrumentation 
2.3.1. Transmission Electron Microscopy 
 Transmission electron microscopy (TEM) is used to characterize thin samples, 
usually at the nanoscale.127 A scanning transmission electron microscope (STEM) works 
similar to a scanning electron microscope (SEM) where a focused electron beam is 
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moved across the sample to image the specimen and a detector reads the signal.  In this 
case, the detector is below the specimen because the beam strength is great enough to 
pass through the sample, and the secondary and backscattered electron signals have a 
better resolution.  STEM is ideal for 1 nanometer and above resolution; however, the 
machine limit does not allow for atomic level imaging. 
Transmission electron microscopy (TEM) grids acted as a substrate so that the 
nanoparticles could be imaged.  The TEM grids were carbon coated 400-mesh copper 
grids made by Electron Microscopy Sciences.  They were used as manufactured and 
stored in their provided case. 
 The solution was purified and diluted in toluene to prevent aggregation.  It was 
then dropped onto the grid and the solvent was allowed to evaporate.  The TEM used was 
a JEOL 2100 200 kV scanning and transmission electron microscope (STEM) operated at 
200 kV.   
2.3.2. Ultra-Violet and Visible Spectroscopy 
 Ultra-violet and visible (UV-Vis) spectroscopy measures the attenuation of a 
beam of known wavelength as it passes through the liquid sample when exposed 
consecutively to a range of wavelengths.128 In the case of absorption measurements, it 
detects the amount of light that is blocked from the sample and normalizes it out of 100 
percent.  At very specific wavelengths, the beam can excite electrons to a higher band, 
showing an increase in absorption.  Since the readings are normalized based off a solvent 
reference, the measurements are qualitative.  The material composition in the dispersed 
solution can be characterized by a specific absorption pattern.  However, it is very 
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difficult unless the sample is already known because red or blue shifts can occur based on 
particle size and level of dilution of the sample. 
 The solutions used for UV-Vis spectroscopy were the remaining solution from the 
TEM sample preparation.  They were diluted so that the color was barely visible.  A 
quartz cuvette was used as a sample holder.  A Beckman DU640 spectrophotometer was 
used to take the absorption measurements. 
2.3.3. Photoluminescent Spectra 
 The photoluminescence (PL) spectra that was measured for each material is based 
upon the principle that after the electrons are excited by incident wavelengths, they fall 
back to the initial state, giving off a distinct emission spectra that is measured by a 
detector.129 By varying the incident wavelength, the energy needed to excite the electrons 
can be measured can be determined based on the detected emissions.   
 The same batch of purified and diluted sample that was used for the UV-Vis 
measurement was also used for the PL spectra.  It was measured with a Nikon Eclipse 
TE2000-E microscope coupled with an optical insights hyperspectral unit and a Cascade 
512B camera (Roger Scientific). 
2.3.4. X-Ray Diffraction 
 X-rays are used to characterize the sample composition and crystal lattice 
structure.130 When a known x-ray wavelength, !, encounters a sample at a specific angle, 
it interacts with the outer shell electrons in the sample by scattering the beam.  The lattice 
spacing and types of atoms in the structure determine the pattern of scattering.  The 
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measurement of the scattered wavelengths is measured at another specific angle and the 
composition and lattice spacing can be determined by the intensity of the x-ray counts.    
The beam is moved through a series of angles with the detector to measure a range of 
incident angles.  Each material and lattice structure has a distinct pattern that will occur 
which will help with comparison against known standards.  
For the analyzed samples, after purification, enough solution was dried to have 
0.05 g powder of the nanoparticles without any solvent or precursors.  It was then 
prepared for analysis by spreading and leveling the powder on an amorphous quartz 
substrate.  The substrate was then placed into using a Scintag XRD and scanned over the 
desired 2) lengths as determined by the literature values. 
2.3.5. Magnetization 
 To determine the magnetic properties of the nanoparticles, a strong common 
magnet was placed alongside the vial containing the superparamagnetic nanoparticles.  
The time it took for the sample to be pulled completely out of the solution was measured 
and photographically documented.  After the magnet was removed, the particles re-
dispersed easily into the solvent after shaking and did not precipitate out.   
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Chapter 3. Polymer Templated Quantum Dots 
Cadmium selenide nanoparticles are ideal semiconducting nanoparticles because 
their emission spectrum can be tuned to span the entire visible region.  Creating single 
crystal, monodisperse quantum dots with relatively easy size control is difficult at low 
temperatures and using phosphine free synthesis methods.  By controlling the precursors, 
molecular weight of the inner polymer block, and reaction time, nanoparticles that fit the 
requirements were able to be formed with relative ease. 
3.1. Results and Discussion 
CdSe nanoparticles were first synthesized using CdAcAc as the cadmium 
precursor (Figure 14).  The template to form 6 nanometer cores of CdSe worked to create 
relatively monodisperse particles.  However even after reacting 24 hours, the 
nanoparticles were still polycrystalline due to the activation energy needed to grow single 
crystals using this precursor.   
38 
 
Figure 14. CdSe nanoparticles synthesized using a star-block copolymer template and CdAcAc as the 
cadmium source. 
 Further analysis with UV-Vis and PL spectra showed that although the particles 
were indeed CdSe as thought, the quality was not the highest (Figure 15).  As compared 
to a reference by Wang et al.25 in Figure 16, there is an extra shoulder on the UV-Vis 
graph at approximately 525 nanometers and one on the PL spectra at 575 nanometers.  
This can be attributed to the polycrystalline nature of the particles since if they were both 
wurtzite and zinc-blende structures, there would be slightly different excitation patterns.   
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Figure 15.  UV-Vis and PL spectra of CdSe nanoparticles using a star-block copolymer template and 
CdAcAc as a cadmium source. 
 
Figure 16.  CdSe UV-Vis and PL spectra reference by Wang et al.25 
The idea that the nanoparticles are both wurtzite and zinc-blende is further 
supported by the XRD analysis of the dried nanoparticles (Figure 17).  As compared to 
the reference (Figure 18), both structures exist, which can cause discrepancies in the 
fluorescence spectra of the quantum dots.  Triple peaks that appear between 20 and 30 
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degrees show indications of the wurtzite structure, while the sharp peak at 50 and 
approximately 30 are definite zinc-blende structures. 
 
Figure 17. XRD of CdSe nanoparticles using a star-block copolymer template and CdAcAc as a 
cadmium source. 
 
Figure 18.  Reference for XRD peaks for CdSe.59 
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To create single crystals of the CdSe nanoparticles, there were several choices: 
the reaction temperature could be increased with the chance of polymer degradation, the 
reaction time could be increased but it was already 24 hours, or the precursors could be 
changed.  It was determined that there was another cadmium precursor that could be used 
with relative ease, CdO.  By itself, CdO does not dissolve in DMF, however, with the 
addition of stearic acid ligands, it will dissolve.  The selenium precursor could not be 
changed to the most common functionalization with TOPO because of the high reaction 
temperatures over 300°C without degrading the polymer template completely.   
The change to the CdO precursor was successful, as can be seen in Figure 19.  
The star-like triblock copolymer template formed single crystal, monodisperse 6 
nanometer particles that also were able to self assemble onto the TEM grid substrate.  
The outer polystyrene blocks of the polymer template prevent aggregation and keep the 
particles dispersed in the chosen non-polar solvent.  The self-assembly on the grid will be 
helpful in later studies when forming thin films of the cast particles, as well as keep the 
particles separated so that the measured band gap will be quantized.   
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Figure 19. CdSe nanoparticles formed using a star-block copolymer template and CdO as the 
cadmium source. 
The particles were confirmed to be CdSe by UV-Vis and the PL spectra (Figure 
20).  This closely matches to the reference (Figure 16) with no blue or red shift.  The 
shoulder of the UV-Vis curve is at approximately 580 nanometers, in the yellow visible 
light region, and the PL maximum is at 615 nanometers.   
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Figure 20. UV-Vis and PL spectra of CdSe nanoparticles using a star-block copolymer template and 
CdO as a cadmium source. 
 The single crystal structure is also confirmed by the XRD measurement.  The 
peaks are predominantly zinc-blende with peaks at 26, 42, and 50 degrees.  The blending 
of the two latter peaks together indicates that a few wurtzite particles are still present in 
the solution.  Since CdSe is very difficult to synthesize with only one crystal lattice 
structure, this finding agrees with other with other studies.   
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Figure 21. XRD of CdSe nanoparticles using a star-block copolymer template and CdO as a 
cadmium source. 
In summary, CdSe nanoparticles were synthesized using a low temperature, 
TOPO free system with a star-like triblock copolymer template to using two different 
cadmium precursors.  After choosing the ideal precursor of CdO, monodisperse, single 
crystal, self-assembling 6 nanometer quantum dots were created.  This was confirmed 
using XRD to analyze the crystal lattice.  These particles are ideal for visible light 
emissions based on the UV-Vis and PL spectra. 
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Chapter 4.  Polymer Templated Gold Nanoparticles 
Gold nanoparticle synthesis has been widely studied.  By adapting the methods 
used already and choosing the proper reducer, gold nanoparticles can be made using the 
star-like triblock copolymer template as a core.  This gives proof that this system can be 
used to form both cores and shells for multifunctional nanoparticles. 
4.1. Results and Discussion 
 Gold nanoparticles are ideal for biological applications because they are 
biocompatible.  Making single crystal particles, as seen in Figure 22, allows for the full 
plasmonic effect.   
 
Figure 22. Gold nanoparticles formed using the star-like block copolymer template. 
After testing several reducers, ethanol was determined to be the best choice.  It 
allowed for single crystal particles to form, as well as keep the particles dispersed in 
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solution after reaction.  Ethanol is a very weak reducer, so a large volume is needed and 
the reaction should be heated to at least 60°C to activate the reducing properties.  Using a 
stronger reducer, such as hydrazine hydrate, sped up the reaction time to 30 minutes with 
no heat application, but the particles were completely precipitated out of solution and 
aggregated with no re-dispersion in solution even after 2 hours of sonication.   
Taking the UV-Vis and PL spectra of the gold nanoparticles is possible.  
However, this does not give any information because the spectra can vary depending on 
dispersing solvent, dilution of the particles, whether or not they have any aggregation, 
and even the excitation light energy.  Typically the absorption peak is seen around 530 
nanometers, but since the particles are on the small side of the 5-50 nanometer scale and 
have a different dispersing solvent, they experienced what appears to be a blue shift 
(Figure 23).  The UV-Vis machine had a limited testing range; therefore, the peak 
maxima could not be identified.  The photoluminescence curve does not give any 
material information based on the experimental findings.  The approximate maxima 
found ranges from 600-680 nanometers.  The small sharp peak at the top of the PL curve 
is due to the machine light source.   
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Figure 23. UV-Vis and PL spectra of Au nanoparticles using a star-block copolymer template. 
 The template method was adapted to create gold nanoparticles.  They were 
imaged to show proof of crystallinity; however, the UV-Vis and PL spectra are not good 
quality.  Usually, no other testing occurs in gold nanoparticles to confirm the composition 
or structure other than TEM images. 
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Chapter 5. Magnetite Nanoparticles 
 Iron oxide nanoparticles have been made using many different high and low 
temperature methods.  By using the polymer template, the lower temperature method can 
be used to create single crystal, magnetite (Fe3O4) nanoparticles.  These particles are 
proven to be superparamagnetic, which proves that the particles are smaller than the 
single domain size requirement.  
5.1. Results and Discussion 
 Magnetite nanoparticles that are single crystal, as seen in Figure 24, are single 
crystal particles 6 nanometers in diameter.  In addition, the particles were able to self 
assemble on the substrate when cast from a dilute solution onto a TEM grid.  This is 
smaller than the 8-nanometer limit as listed by the references for superparamagnetic 
behavior.  However, as seen in the magnetism test (Figure 25), the particles were quickly 
drawn out of solution by a strong magnet, showing that they were still magnetic.  To 
confirm superparamagnetism, the segregated particles were re-dispersed in the solvent 
with some agitation and remained dispersed for at least 24 hours without the applied 
magnetic field. 
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Figure 24. Fe3O4 nanoparticles formed using the star-like block copolymer template. 
 
Figure 25. Fe3O4 dispersed in toluene.  A strong magnet was placed next to the samples to measure 
the magnetic effect. 
To confirm the composition and crystal structure of the nanoparticles to make 
sure they were Fe3O4 rather than &-Fe2O3, XRD was run.  Comparing the experimental 
findings (Figure 26) to the reference sample (Figure 27), it can be seen that the particles 
are completely Fe3O4 with the identical diffraction peaks in the range measured. 
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Figure 26. XRD of Fe3O4 nanoparticles using a star-block copolymer template. 
 
Figure 27. Fe3O4 XRD standard.131 
 For creating the bifunctional nanoparticles, the UV-Vis was taken for comparison 
(Figure 28).  As can be seen in both the experimental (Figure 28) and reference samples 
(Figure 29), there is a slight shoulder that appears at approximately 465 to 470 
nanometers.  However, in the experimental case, this could also be attributed to the 
change of light sources in the UV-Vis, and therefore should not be considered significant. 
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Figure 28. UV-Vis spectrum of Fe3O4 nanoparticles using a star-block copolymer template. 
 
Figure 29. Iron oxide UV-Vis spectrum by Wang et al.24 The dotted lines indicate two different outer 
ligands. 
 Single crystal, monodisperse magnetite nanoparticles have been synthesized using 
the polymer template method.  They show distinct XRD peaks that confirm this finding.  
Most importantly, they are superparamagnetic, even below the 8 nanometer limit as 
proposed by literature. 
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Chapter 6. Semiconducting and Plasmonic Nanoparticles 
 Multifunctional nanoparticles, especially semiconducting and plasmonic, are very 
useful for biomedical imaging techniques.  It is demonstrated that the shell does not need 
to be grown epitaxially on the shell for it to be single crystal and even in width.  By 
coating the particles with gold on the outside, the particles are biocompatible, but 
luminescent quenching can occur.  Placing gold on the inside reduces the chance of 
quenching, however, it exposes cadmium selenide to the dispersing environment.  The 
UV-Vis and PL spectra were taken to quantify this effect.   
6.1. Results and Discussion – Cadmium Selenide Cores with Gold Shells 
 As it can be seen in Figure 30, core/shell equal sized nanoparticles using CdSe as 
a core and Au as a shell are possible without epitaxial growth.  Both the core of 6 
nanometers and shell of 6 nanometers of diameter are crystalline.  In the left photo, the 
particles are aggregated with some precursor due to the fact that the polystyrene (PS) 
chains that coat the outside are approximately 3 nanometers in length, which is not 
enough to keep the particles separated in solution.  Also, it can be seen smaller core 
nanoparticles of Au that formed in the same solution due to the excess of organometallic 
precursors with respect to the polymer templates with CdSe cores.  With longer outer PS 
chains, these could be removed with further size selective purification.   
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Figure 30. Cadmium selenide core with gold shell nanoparticles formed using the star-like block 
copolymer template. 
 Testing the quenching effect that the gold has on the CdSe emission spectrum, it 
can be seen that there is no emission because the shell is too thick (Figure 31).  The graph 
appears almost identical to just the gold core as tested in Figure 23.  Therefore, the 
material is currently only plasmonic even though there is a bifunctional core.  By making 
the outer shell thinner, it would be possible to get some emission, put the polymer 
template would have to be synthesized with a longer PS outer chain and a shorter PtBA 
middle chain. 
54 
 
Figure 31. UV-Vis and PL spectra of Au/CdSe core/shell nanoparticles using a star-block copolymer 
template. 
 To confirm the composition and crystal structure of the core/shell nanoparticle, 
XRD was tested (Figure 32).  As compared to the gold standard (Figure 33), the material 
has definite corresponding peaks at approximately 38°, 46°, and 65°.  The broad peak at 
32° is most likely from precursor. 
 
Figure 32. XRD of CdSe/Au core/shell nanoparticles using a star-block copolymer template. 
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Figure 33. Reference sample of Au nanoparticles.132 
6.2. Results and Discussion - Gold Cores with Cadmium Shells 
 Reversing the core and shell materials to Au/CdSe core/shell nanoparticles is also 
possible (Figure 34).  Both the core and shell are still crystalline with no epitaxial growth.  
As before, the particles experienced aggregation because the shorter polystyrene chains 
on the outside of the nanoparticle.  Further size selective purification with longer PS 
chains would cause the particles to be better dispersed in the solution, as well as remove 
the smaller CdSe nanoparticles that formed from the excess precursor. 
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Figure 34. Gold core with cadmium selenide shell nanoparticles formed using the star-like block 
copolymer template. 
 In this case, the gold core does not cause significant quenching of the CdSe 
spectrum because the distinct CdSe signature is still present.  It has the same UV-Vis 
shoulder at 580 nanometers and PL maxima at 615 nanometers as the control core (Figure 
20) because they are both 6 nanometers in diameter. 
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Figure 35. UV-Vis and PL spectra of CdSe/Au core/shell nanoparticles using a star-block copolymer 
template. 
To confirm whether the shell was zinc-blende or wurtzite, the powder diffraction 
pattern was taken (Figure 36).  The CdSe shell is mainly zinc-blende structure with the 
same peak placement as the reference (Figure 21) at approximately 26°, 42°, and 50°.  
There are also minor peaks seen at 40° and 65° which correspond to the gold core (Figure 
33). 
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Figure 36. XRD of Au/CdSe core/shell nanoparticles using a star-block copolymer template. 
Using cadmium oxide as a precursor material, crystalline shells could be created 
on gold core nanoparticles using hydrolyzed PtBA as the middle chain of the triblock 
copolymer.  The gold core does not cause any major quenching because the CdSe 
distinctive peaks are both in the UV-Vis, PL, and XRD spectra.  Reducing the core 
diameter by altering the polymer chain length would increase the gold quenching effect, 
but also make it possible to see more of the plasmonic properties.
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Chapter 7.  Semiconducting and Superparamagnetic Nanoparticles 
 Having the superparamagnetic effect added to the semiconducting effect allows 
for the nanoparticles to be drawn to a specific target before they are imaged.  
Nonepitaxial growth is possible with these two materials, allowing for the formation of 
single crystal components.  In addition, the particles do not experience any quenching 
effects of the semiconductor because it is the outer shell.  However, no magnetic effect is 
seen because the shell is too thick.   
7.1. Results and Discussion – Magnetite Cores with Cadmium Selenide Shells 
 Fe3O4/CdSe core/shell nanoparticles with both core and shell structures existing 
as crystalline without epitaxial growth is possible (Figure 37).  The cores were confirmed 
to be single crystal in Figure 24 before functionalizing the middle polymer for shell 
growth.  The template worked to create 6-nanometer diameter core with 6-nanometer 
diameter shell particles.  Similar to the other core/shell nanoparticles synthesized for this 
paper, the particles experienced aggregation due to the relatively short polystyrene outer 
chains.  Also, if the longer chains could be added, the smaller CdSe nanocrystals that 
formed due to excess organometallic precursor could be removed with size-selective 
purification. 
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Figure 37. Magnetite core with cadmium selenide shell nanoparticles formed using the star-like block 
copolymer template. 
 The UV-Vis and PL spectra confirm that there is no quenching of the emissions 
from the cadmium selenide cores (Figure 38).  As seen in the 6-nanometer core CdSe 
particles (Figure 20), the UV-Vis shoulder is at approximately 580 nanometers and PL 
maxima is at 615 nanometers because both are the same diameter.  The inner magnetic 
core has no emission spectrum (Figure 28), so it would not be visible even if the shell 
were thin enough. 
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Figure 38. UV-Vis and PL spectra of Fe3O4/CdSe core/shell nanoparticles using a star-block 
copolymer template. 
 No magnetic effect can be seen from the nanoparticles even after exposure to a 
strong magnet for 24 hours because the 6-nanometer CdSe shell acts as an insulator.  If 
the shell was thinner, some effect would be seen, however, there would still be reduction 
in the superparamagnetic effect because there would still be the partially insulating shell. 
 The CdSe shells are mainly zinc-blende with the three distinct CdSe peaks at 
approximately 28°, 43°, and 50° on the XRD pattern of the core/shell nanoparticles.  The 
very first peak at 22° can be attributed to the existence of precursor.  The shell 
completely dominates the spectra with little to no iron oxide diffraction detectable. 
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Figure 39. XRD of Fe3O4/CdSe core/shell nanoparticles using a star-block copolymer template. 
 Bifunctional magnetic and fluorescent nanoparticles combine two useful 
properties.  However, with the 6-nanometer shell, CdSe completely quenches the inner 
iron oxide core.  By changing the lengths of the polystyrene outer block of the triblock 
copolymer, the aggregation could be avoided.  This would also allow the chance for a 
thinner shell by reducing the molecular chain length of the middle PtBA block. 
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Chapter 8. General Summary and Conclusions 
 Using a 21-armed star-like triblock copolymer template made of P4VP-b-PtBA-b-
PS, three different types of materials were synthesized into nanoparticles.  The template 
lowered the temperature needed for the reactions and allowed for nonepitaxial growth of 
shell material.   
 All of the core nanoparticles were shown to be monodisperse and self-assembling 
on a TEM grid substrate.  Cadmium selenide nanoparticles were created using two 
different precursors to find the shortest reaction time and the best crystal structure.  
Cadmium oxide was chosen because they were single crystal as well as almost 
completely zinc-blende in structure.  Gold nanoparticles were synthesized using a weak 
reducer and long reaction time to get high quality particles.  Magnetite nanoparticles 
showed a single crystal structure and were superparamagnetic. 
 Hydrolyzing the second polymer block from poly(tert-butyl acetate) to 
polyacrylic acid allowed for the formation of single crystal shells to be formed on the 
core particles that did not rely on epitaxial growth and were even in diameter.  Cadmium 
selenide/gold and gold/cadmium selenide particles were made to create semiconducting 
and plasmonic nanoparticles.  Iron oxide core with cadmium selenide shell nanoparticles 
were made to combine the properties of superparamagnetism and semiconducting 
fluorescence.  It was shown that the 6-nanometer shells caused complete quenching of the 
inner core properties because they were too thick. 
64 
 By adapting the same methods for other nanoparticle materials, many other 
core/shell combinations can be made to try to create bifunctional nanoparticles. 
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